M ore than 200 effects in growth, reproduction, osmoregulation, and immunology have been documented for prolactin (PRL). Although PRL seems to be an omnipotent hormone ("omnipotin"), it is best known for its role in the production of milk proteins. However, PRL is not only essential for the physiology of lactation in female mammals; it also plays a significant role in maternal care. Nulliparous female rats that have been primed with steroids (estradiol and progesterone) and exposed to foster pups for 2 days show maternal care and an increase in plasma PRL level (13). Nulliparous, hypophysectomized female rats treated with progesterone and estradiol do not show maternal care, but they do so when they are simultaneously treated with ovine PRL. Thus, although PRL is essential for the onset of maternal care in rats, priming with steroids is necessary to induce this effect. Because PRL prepares the physiology of the female for lactation and maternal behavior, PRL is often referred to as "the hormone of maternity." However, PRL has also been recognized to play a significant role in paternal behavior, and we deal with this aspect in the next sections.
M ore than 200 effects in growth, reproduction, osmoregulation, and immunology have been documented for prolactin (PRL). Although PRL seems to be an omnipotent hormone ("omnipotin"), it is best known for its role in the production of milk proteins. However, PRL is not only essential for the physiology of lactation in female mammals; it also plays a significant role in maternal care. Nulliparous female rats that have been primed with steroids (estradiol and progesterone) and exposed to foster pups for 2 days show maternal care and an increase in plasma PRL level (13) . Nulliparous, hypophysectomized female rats treated with progesterone and estradiol do not show maternal care, but they do so when they are simultaneously treated with ovine PRL. Thus, although PRL is essential for the onset of maternal care in rats, priming with steroids is necessary to induce this effect. Because PRL prepares the physiology of the female for lactation and maternal behavior, PRL is often referred to as "the hormone of maternity." However, PRL has also been recognized to play a significant role in paternal behavior, and we deal with this aspect in the next sections.
PRL in "paternal" male rats
When scientists began to examine the endocrinology of paternal care, they used one of their favorite laboratory subjects, the male rat. Although male rats normally do not participate in caregiving behavior for the young, it is possible to induce maternal-like behavior in male rats by exposing them to foster pups. However, males show longer latencies of parental response than virgin females, they do not always show full paternal care, and some do not respond paternally at all (13) . Indeed, infanticide is often shown by male but not by female rats exposed to pups (3) .
Male rats exhibiting paternal behavior do not show an increase in serum PRL level, even when primed with steroids (13) . This result led to the proposal that steroid-primed female and male rats generally respond similarly in the behavioral response toward foster pups but not in the endocrine response. A possible reason for this difference was supposed to reside in the absence of nipples in male rats, because tactile stimulation of the nipples may be essential for release of PRL. Accordingly, male rats were exposed prenatally to flutamide (an antiandrogen) so that they developed nipples. But even after castration and priming with estradiol and progesterone, respectively, these "males" did not show a change in PRL concentration when exposed to foster pups (14) .
Animal fathers that naturally show paternal behavior
Quite different results are obtained when the endocrinology of fatherhood is studied in species in which the fathers naturally display caregiving behavior toward their young. Such studies have been conducted on several species ranging from fish to primates. Most of these species are socially monogamous, and both mother and father show parental care. In a few vertebrate species, however, exclusive paternal care occurs (in some fish, amphibians, and birds), which means that the father is the only caretaker. Paternal care can be direct or indirect. Direct paternal care includes all actions of fathers toward their young that exert an immediate physical influence on them and are thought to increase their survival rate (e.g., feeding, warming, and playing). Indirect paternal care includes acts of the father that are advantageous for the young but are shown by the male independently of the presence of the young (e.g., defense of a territory maintaining critical resources; Ref. 9). The following discussion is restricted to direct paternal care.
Prolactin in fish fathers
In two fish species with exclusive paternal care, a causal relationship between PRL and paternal care has been found. In the North American bluegill (Lepomis macrochirus), males construct nests in colonies (8) . Females visit the nests to spawn and then disappear, leaving males alone with the offspring. Paternal care shown by male bluegills includes fanning the eggs (to deliver O 2 ) and protecting the eggs and larvae from predators until the fry leave the nest. Male bluegills were caught in the field after spawning had occurred. Some males were implanted with bromocriptine pellets, others with placebo pellets, and a third group was only handled. Each fish was released back into its territory <2 min after it had been captured. Bromocriptine is a dopamine-receptor antagonist that inhibits endogenous PRL secretion. As a protein, PRL has a species-specific amino acid sequence. Nevertheless, PRL of phylogenetically closely related species can usually be measured with the same immunoassay [radioimmunoassay (RIA), immunoradiometric assay (IRMA), or enzyme immunoassay (EIA)]. Special assays for some bird and mammal species exist, but there is no assay for fish PRL, other than bioassays testing for special physiological effects known to be PRL dependent (see below). For this reason, the actual serum level of PRL in fish is unknown. However, by reducing endogenous PRL secretion with bromocriptine, the problem of the unknown natural PRL level in bluegills was elegantly resolved.
Bromocriptine-treated males showed less total aggression toward a predator model in comparison with both control groups. By contrast, they showed more ring circling, a behavior pattern typical for nesting males (indicating that there are no eggs in their nests). This reduced the time available for fanning eggs, and >75% of the eggs of bromocriptine-treated males were infected with fungus, whereas <25% of the eggs of control males were infected. Thus the inhibition of endogenous PRL secretion not only significantly reduced paternal care, it also reduced the reproductive success of these males (8) .
Corresponding results were found with another exclusively paternal fish, the threespined stickleback (Gasterosteus aculeatus). Like bluegills, male sticklebacks construct nests in which the females spawn. When male sticklebacks are nesting but not yet brooding, they show a constant low fanning rate. When males were implanted with pituitaries from nonbreeding donor stickleback males, the fanning rate increased. However, the fanning rate of treated males was not as high as that of breeding males, indicating that PRL is not the only factor necessary for the occurrence of paternal care in sticklebacks. An increase in the PRL level was confirmed using a bioassay. The number of mucocytes in the epithelium of the skin increased, and this is known to be PRL dependent. In brooding sticklebacks, on the other hand, no increase in the fanning rate was observed after they received pituitary implants. Because brooding males show a very high fanning rate, it is likely that this behavior pattern was already at its maximal level and could not be increased by additional PRL (5) .
In early studies, a fascinating relationship between PRL and parental care was found in the monogamous blue discus (Symphysodon aequifasciata), a popular aquarium fish (Fig. 1A) . Male and female discus fish show the same pattern of paternal care, and they also show the same response to experimentally enhanced PRL titers. Injection of PRL not only leads to an increase of fanning behavior (Fig. 2) , it also leads to an increase of mucus cell production. These epidermal cells produce mucus as food for the fry. By analogy with the milk of mammals, this mucus is called "discus milk" (1) .
Prolactin in bird fathers
Most bird species are socially monogamous, with both mothers and fathers showing paternal care. Paternal care in birds can be divided into two phases: 1) prehatching phase (incubation) and 2) posthatching phase (brooding and feeding the young). Table 1 summarizes studies that have examined the relationship between PRL and parental care in different bird species (4) . Although most studies showed only a correlative relationship, with enhanced PRL levels during one or both phases of paternal care, the large number of such studies is in itself impressive. In 25 species of 9 orders ranging from penguins to songbirds, some relationship between PRL and paternal care was found (4) . In male birds, PRL typically increases during incubation, either being elevated during brooding or gradually decreasing after hatching (example in Fig. 3 ). This suggests that PRL is an important factor for paternal care in birds. The fact that the same endocrine pattern is found in maternally behaving female birds provides further evidence for the important role of PRL in caregiv-"Male and female discus fish show the same pattern of paternal care…." ing behavior in birds. Another strong indication comes from two studies of species with helpers at the nest. Helpers are nonbreeding individuals that take part in rearing the young. In Harris' hawks and Florida scrub jays, these helpers also show elevated PRL levels (4). Yet more evidence comes from studies of two bird species with exclusive paternal care. In Wilson's and red-necked phalaropes, males perform all incubation and brood care and also show an increase in PRL level during this period, whereas females do not (4) .
A causal connection between PRL and parental care has been demonstrated in the ring dove (Fig. 1B) . Both male and female ring doves that received injections of PRL for 7 days showed FIGURE 1. Representatives from 3 different classes of vertebrates for all of which a correlation between prolactin (PRL) and parental behavior could be shown. A: discus fish surrounded by fry that have been nourished by PRL-dependent discus milk (photograph by G. Weissflog). B: pair of ring doves with a squab that has been provisioned during the first days after hatching exclusively by PRL-dependent crop milk (photograph by G. Gronefeld). C: common marmoset carrying a twin set of offspring. In this species, the male provides almost all infant care apart from lactation (photograph by G. Anzenberger).
more parental care toward foster young than controls that received only vehicle injections (Ref. 4 ; Fig. 2 ). In ring doves, it is not only the occurrence of paternal care that is PRL dependent but also the production of crop milk, a curdlike substance produced in the crop sac and used to feed the young (4). Once again, this is an analogy not only to mammalian milk (and discus milk) but also to endocrine regulation of endogenously produced food for young.
Although a connection between PRL and parental care exists in birds, this relationship is not simple. For example, sex differences in incubation (sitting time on eggs) do not always correlate with sex-biased differences in PRL level (Table 1 ). In facultatively polygynous birds (e.g., starlings), males do not usually incubate when paired with several females but do when they are mated monogamously. Nevertheless, polygynous males do have elevated PRL levels similar to those of monogamous males (4) . A relationship between PRL titer and incubation motivation may nevertheless exist in polygynous males. If they have to divide up their time between several females (e.g., mate guarding to avoid extrapair copulation of their females), they may have no time available for incubation. No simple explanation can be given for elevated PRL levels in breeding cowbirds, a brood parasite that shows no parental care. One explanation could reside in the circannual cycle of PRL excretion, with increased PRL levels stimulated by increasing day length correlating with the breeding season, which has been observed in several bird species (4). However, this does not answer the question concerning the physiological function of enhanced PRL levels in cowbirds.
Prolactin in mammalian fathers
Only 3-5% of mammalian species are socially monogamous, and not all monogamous mammals exhibit paternal care. For this reason, there have been only a few studies of the endocrinology of paternal care in mammals. Those that have been conducted confirm the pattern found in the other vertebrate classes.
In the California mouse (Peromyscus californicus), males show the same amount of paternal care as females, with the obvious exception of lactation. Fathers build nests, carry young, lick them, and spend a large amount of their time in the nest in physical contact with them (warming the pups). Fathers have significantly higher plasma PRL titers than nonfathers (Fig. 3) . Under experimental conditions, fathers show more caregiving behavior toward strange pups than nonfathers (which often commit infanticide). The PRL levels of fathers are similar to those of mothers (6) .
Some carnivores, such as wolves, show a communal breeding system. In wolves, it is not only the mother (alpha female) that nurses the young but also other females, which experience pseudopregnancy with elevated PRL levels. Even males, including the father (alpha male), participate in caregiving: regurgitation of food, licking pups, playing with pups, and defending them. Parturition followed by parental care occurs in spring, coinciding with a seasonal PRL peak in both sexes. In wolves, therefore, both fathers and helpers have enhanced PRL levels during the period of infant care (Ref. 7; Fig. 3 ) "…polygynous males do have elevated PRL levels…." mosets and tamarins) live in family groups with one breeding pair and offspring of successive births, all of which help rear the young. The father carries the offspring on his back (Callitrichidae generally have twins) and shares food with them (Fig. 1C) . The endocrinology of fatherhood has been studied in two species of callitrichids. In common marmosets (Callithrix jacchus), fathers have significantly higher plasma PRL levels than nonfathers (Fig. 3) . In a noninvasive study, PRL was measured in urine samples collected with a stress-free method from cottontop tamarins (Saguinus oedipus). Not only did fathers have significantly higher PRL levels than nonfathers, but PRL levels already began to increase 2 wk before birth and reached a maximum in the 2 wk after birth. This indicates that enhancement of the PRL level in cotton-top tamarin fathers is not simply caused by stimuli from the infants (15) . If PRL induces paternal care in tamarins, the enhancement of PRL would be expected to occur before birth, because the fathers begin to carry their infants immediately after birth.
A very high degree of paternal care occurs in one other primate species, but to date no endocrine studies have been performed. There is an ongoing discussion about the extent to which paternal care is a cultural or a biological characteristic of Homo sapiens (11) . In an interview study, a high emotional attachment of fathers to their newborn was found, referred to as engrossment (11). However, some fathers reported that they themselves were quite surprised about the strong emotions they felt for their child. This indicates that their answers were not only based on cultural expectation ("human fathers have to love their children") but showed that they really loved their newborn. A physiological process is likely to underlie this emotional bond, independently of the way it depends on cultural factors. Hormones, especially PRL, may be one physiological factor, and studies of the endocrinology of fatherhood in humans are needed. That PRL may play a role in the human male is suggested by a study in which stimulation of the breast and nipples by the partner resulted in an increase in serum PRL in both women and men (10) .
Neural actions of prolactin during fatherhood
Hormones can directly modulate behavior when they act in the central nervous system (CNS). Ring doves receiving PRL intracranially show significantly more parental behavior toward foster chicks than do vehicle-treated doves (Ref. 4 ; Fig. 2 ). Two modes of action of hormones in the CNS are conceivable: 1) organizational effects changing the neural substrate and 2) activating effects changing neural action. Organizational effects could provide an explanation for the continuation of paternal care even after the PRL level begins to decrease (some birds, callitrichids), although this hypothesis has not yet been tested. In cotton-top tamarins, a decrease in PRL level already occurs 2 wk after birth (11), although males continue to carry infants for several weeks (infants first becoming totally independent of carriers at an age of ~12 wk). In fact, PRL seems to be important for the onset rather than for the maintenance of paternal care.
Because PRL is a protein with ~200 amino acids, the question arises as to whether and by what means PRL can pass from the blood into the brain despite the blood-brain barrier. In fact, several studies showed that PRL is able to pass from the blood into the brain. The choroid plexus, which shows specific binding sites for PRL, is thought to play a major role in this process (4) .
In the exclusively paternal fish Lepomis gibbosus, a population of neurons in the area dorsalis of the telencephalon is known to be activated by PRL, and combined injections of testosterone and PRL induce fanning behavior in this species. This finding is only correlative and does not show a direct connection between these neurons and parental care, but the corresponding neurons in two other fish species (Carassius auratus and Idus idus) that show no parental care are far less sensitive to PRL than in L. gibbosus (2) .
In birds, the preoptic area (POA) shows specific binding for PRL and has hence been suggested to play an important role in PRL-induced parental care. Interestingly, the POA is less PRL sensitive in cowbirds, brood parasites showing no parental care, than in starlings, which show parental care. Ring doves with lesions of the POA do not exhibit PRL-induced parental care. A significant negative correlation exists between the extent of POA damage and the amount of parental behavior. In other words, the greater the lesioning of the POA, the less parental behavior is shown. In Wilson's phalarope, a bird species with exclusive paternal care, incubating males show a higher PRL sensitivity in the POA compared to females and to nonincubating males (4).
In female rodents, the medial preoptic area (MPOA) is known to be important in the control of maternal care. In the biparental California mouse, virgin males have a larger MPOA than virgin females, although virgin mice of both sexes show no parental care. However, this sex difference in the volume of the MPOA is no longer found in parentally behaving California mice because of increase in soma size of the "…PRL can pass from the blood into the brain despite the blood-brain barrier." care with peak during incubation care with peak during incubation Passeriformes Ficedula hypoleuca Elevated PRL during incubation (peak at end of incubation), decrease Elevated PRL during incubation (peak at end of incubation), (pied flycatcher) after hatching; males do not incubate but feed nestlings and decrease after hatching; higher levels than males incubating female
Junco hyemalis
Elevated PRL during posthatching phase of parental care (no data Elevated PRL during posthatching phase of parental care (no data (dark-eyed junco) for incubation); PRL level higher at hatching than at fledgling for incubation); PRL higher at hatching than at nest leaving; higher stage of young PRL than males Lonchura striata Elevated PRL during incubation and posthatching phase of parental Elevated PRL during incubation and posthatching phase of parental (Bengalese finch) care with peak during incubation care with peak during incubation
Serinus canarius
Only slight increase in PRL during parental period (males do not Elevated PRL during incubation and posthatching phase of parental (canary) incubate but assist in feeding young) care with peak during incubation Zonotrichia leucophrys Elevated PRL during incubation and posthatching phase of parental Elevated PRL during incubation and posthatching phase of parental (white-crowned sparrow) care with peak during incubation; males do not incubate but feed care with peak during incubation; higher PRL level than males incubating female and young; in both sexes photoperiodically induced enhancement of PRL level independent of breeding but lower than in breeding animals
Melospiza melodia
Increase of PRL during egg laying of first brood; elevated PRL Increase of PRL during egg laying of 1st brood; elevated PRL level (song sparrow) throughout breeding season including incubation and posthatching throughout breeding season including incubation and posthatching phase of parental care (at least 2 broods in 1 year); males do not phase of parental care (at least 2 broods in 1 year); higher PRL levels incubate but feed young than males
Sturnus vulgaris
Elevated PRL during incubation and posthatching phase of parental Elevated PRL during incubation and posthatching phase of parental (wild starling) care with peak during incubation; males do not always participate care with peak during incubation in incubation, especially not when mated polygynously Aphelocoma ultramarina Elevated PRL during incubation and posthatching phase of parental care Elevated PRL during incubation and posthatching phase of parental (Mexican jay) care A. coerulescens Elevated PRL during incubation and posthatching phase of parental Elevated PRL during incubation and posthatching phase of parental (Florida scrub jay) care with peak during posthatching phase care with peak during posthatching phase; higher PRL levels than males For comparison, results for females (maternal care) of the same species are included. PRL, prolactin.
MPOA of females. PRL is known to facilitate maternal care in female rats when implanted into the MPOA, but nothing is known about PRL sensitivity of the MPOA in the California mouse or its role in parental care (6) .
Conclusions
PRL is an important factor in the occurrence of paternal care and thus deserves the label "hormone of paternity." In combination with its role in maternal care, it might in fact more properly be called the "hormone of parenthood." PRL is clearly not an exclusively female hormone but also has important actions in male vertebrates. A connection between PRL and paternal care has been shown in numerous species in three classes of vertebrates: fish, birds, and mammals. Hence, the correlation between PRL and paternal (and maternal) care seems to be a general feature of vertebrates.
Unfortunately, nearly all studies have been correlative (Fig. 3) . Only in fish and ring doves are the data sufficient to suggest a causal relationship (Fig. 2) . Clearly, more research should be conducted into the causality of the relationship between PRL and paternal care. In frogs, many species show paternal care, ranging from egg guarding through tadpole transport to breeding of tadpoles in the inguinal pouch (12), but it is not known whether PRL plays a role in these processes. In mammalian carnivores, where many species show paternal care, studies are also needed. The results for wolves cited above show only a correlation between seasonal enhancement of PRL levels and parental care (7) . As many social carnivores have been studied intensively, it is surprising that nothing is known about the endocrinology of caregiving behavior in these species.
Although the indications of a relationship between PRL and paternal care are overwhelming, it is clear that PRL cannot be the only factor. Like any other life-sustaining physiological process, caregiving behavior is a very important factor, because it contributes directly to the representation of the father's genes in the next generation. It is extremely unlikely that paternal care would depend on a single factor only, as this would render it highly susceptible to defects. Life-sustaining processes generally depend on numerous factors as a kind of insurance, so that they will continue to operate, albeit at a reduced level, after the breakdown of one factor. Male bluegills with inhibited endogenous PRL secretion after bromocriptine treatment show reduced paternal care in comparison to controls, but they nevertheless show some paternal care and have a degree of reproductive success (8) . Female rats exposed to foster pups for 5 days show maternal care despite the fact that they exhibit no increase in serum PRL level (13) .
In female rats, priming with estradiol and progesterone reduces the latency until maternal care is shown from 5 to 2 days and there is an accompanying increase in serum PRL level (13) . This reveals another important point: cooperation between different factors. Steroid hormones (estradiol and progesterone) are important for the action of PRL in birds. They are thought to have a priming function, possibly enhancing PRL secretion and/or enhancing sensitivity of the neural system to PRL. One possible explanation for this phenomenon may be an increase of PRLreceptor production induced by steroids (4). Other possible factors influencing the occurrence of paternal care in addition to PRL are neonatal hormone levels, changes in steroid hormone concentrations, experience of the male (social and sexual experience, previous rearing of young), and stimuli emanating from pups (3).
The main aim of further studies should be proper demonstration of the causal connection between enhanced PRL levels and parental care and, in an integrative approach, determination of connections between the different factors responsible for parental care.
"…more research should be conducted into the causality of the relationship between PRL and paternal care." S omatosensory ascending activity is linked to movement, in particular to exploratory motor acts. Active exploration of the environment is required for accurate discrimination of texture and for interpretation of complex spatiotemporal patterns of stimuli activating different classes of mechanoreceptors. The interplay between sensory and motor systems culminates in the subjective perception of shape, form, size, surface structure, and mechanical properties of objects as they are actively explored. Elimination of movements that accompany exploration and active touch results in loss of discrimination. When a beaker containing water, treacle, or mercury at identical temperatures is raised over a subject's immobile finger, the subject is unable to discriminate the liquids. However, when allowed to immerse a finger, the subject has no difficulty in discriminating.
In primates, the corticofugal motor fibers allow for more complex limb movements than in lower species; these are under an elaborate feedback from skin, deep muscular, and joint receptors via fibers ascending in the dorsal column system. Sensory feedback from the moving musculature is used to adjust and correct the movement in accordance with varying environmental demands. In bipedal species, the anterior limbs have evolved to generate patterns of manipulation involving the distal musculature. Thus animals with well-developed exploratory and manipulative skills, like the raccoon, have a greater number of dorsal root fibers innervating the forelimb than less dexterous animals, like the cat. Most of these fibers are cutaneous, and a major proportion of cutaneous receptors subserve the forepaws. Also, the monkey has a prevalence of cutaneous primary fibers projecting to the dorsal column nuclei (DCN) compared with primary afferents carrying subcutaneous input. The increase in the number of receptors improves the amount of data collected, and improvement of the motor response serves to better select the peripheral somatosensory inputs to be centrally transmitted.
In this review, we summarize evidence that the sensorimotor integration begins at the level of the second-order neurons of the somatosensory system, at the DCN. At this level, several mecha- "…corticofugal motor fibers allow for more complex limb movements…."
